Background: Intestinal microbiota and their metabolites (e.g. short-chain fatty acids (SCFAs)) may influence nonalcoholic fatty liver disease (NAFLD). Objective: The objective of this article is to analyze gut bacterial diversity together with fecal SCFA concentrations and immunophenotyping of peripheral blood in histology-proven NAFLD patients. Methods: Thirty-two NAFLD patients (14 nonalcoholic fatty liver (NAFL), 18 nonalcoholic steatohepatitis (NASH)) and 27 healthy controls (HCs)) were included in this study. Bacterial communities in feces were profiled by 16S ribosomal RNA gene sequencing of the V3-V4 region. Fecal SCFA levels were analyzed by high-performance liquid chromatography. Fluorescence-activated cell sorting analysis was performed of peripheral blood mononuclear cells. Results: NASH patients were characterized by higher abundance of Fusobacteria and Fusobacteriaceae compared to NAFL and HCs. Conforming to our finding that NAFLD patients had higher fecal acetate and propionate levels, taxonomical differences of fecal bacteria were dominated by SCFA-producing bacteria. Higher fecal propionate and acetate levels were associated with lower resting regulatory T-cells (rTregs) (CD4þCD45RAþCD25þþ) as well as higher Th17/rTreg ratio in peripheral blood as immunological characteristics of NASH patients. Conclusions: NASH patients are characterized by a different gut microbiome composition with higher fecal SCFA levels and higher abundance of SCFA-producing bacteria in NAFLD. These changes are associated with immunological features of disease progression. Our data suggest an important role of the intestinal microbiome and immunomodulatory bacterial metabolites in human NAFLD.
Introduction
Nonalcoholic fatty liver disease (NAFLD) has growing clinical and socioeconomic impact. The pathogenesis of NAFLD is described by ''multiple hits'' on a nonalcoholic fatty liver (NAFL) that progress to nonalcoholic steatohepatitis (NASH). The intestinal microbiota is one of the ''multiple hits'' and is the focus of recent studies in NASH patients with different technical and methodical approaches leading to some inconsistent findings. In one study NASH patients showed a lower percentage of Bacteroidetes (Bacteroides/Prevotella) compared to NAFL patients and healthy controls (HCs), 1 whereas in another study higher abundance of Bacteroides and lower abundance of Prevotella were observed in NASH patients. 2 Loomba et al. detected higher abundance of Firmicutes in mild/moderate NAFLD and higher abundance of Proteobacteria in NAFLD patients with advanced fibrosis (no change for Bacteroidetes).
3 Different mechanisms are proposed for the microbial contribution in NAFLD including regulation of gut barrier and inflammatory responses as well as bacterial metabolites, e.g. short-chain fatty acids (SCFAs). 4 SCFAs such as acetate, propionate and butyrate are the most abundant bacterial products derived from commensal bacterial fermentation of dietary fibers in intestines; their role in obesity development is still controversial. On the one hand, SCFAs provide additional energy to the host and play a pivotal role in lipogenesis and gluconeogenesis, but on the other hand SCFAs increase satiety by activation of free fatty acid receptors and weight loss can thereby be sustained. 5 In human studies fecal SCFA concentrations were higher in obese volunteers compared to lean individuals. 6, 7 In animal and in vitro studies, SCFAs affect proinflammatory cytokine production, 8 promote conversion toward regulatory T-cells (Tregs) under specific conditions 9 and enhance Foxp3 expression of colonic T-cells via G protein coupled receptor (GPCR) 43 activation, 10 but also facilitate conversion of naı¨ve T-cells into Th1 or Th17 cells depending on cytokine milieu and histone deacetylase inhibitor activity. 11 In this study, we analyzed for the first time fecal SCFA concentrations together with gut microbiota composition in obese patients with histology-proven NASH and (NAFL) for a better understanding of functional changes of the fecal microbiota. Further integrative analysis of peripheral immune cell changes as characteristics of disease progression (NASH) 12 were performed and interpreted together to gain insight into a potential interplay between intestinal bacteria composition, their metabolites and peripheral immune cells.
Methods

Patient characteristics
The study was approved by the local ethics committee (University of Wu¨rzburg: EK 96/12, 5 September 2012) and conforms to the ethical guidelines of the 1975 Declaration of Helsinki. After written informed consent was obtained, 32 NAFLD patients (14 NAFL, 18 NASH) and 27 HCs were enrolled in this prospective study. An overview of study participants is depicted in Twenty-four patients were morbidly obese and underwent bariatric surgery, and eight obese NAFLD patients were included without bariatric surgery, but with histologically diagnosed NAFLD. Significant alcohol consumption (women >20 g/d and men >30 g/d) and other liver diseases such as chronic hepatitis B virus, hepatitis C virus infections as well as autoimmune liver diseases (hepatitis B surface antigen, anti-HCV, antinuclear antibodies) were excluded. Patients had no standardized diet before surgery. In general, a lowcarbohydrate diet is recommended two weeks prior to surgery. Patients without bariatric surgery had no specific diet. Blood samples were taken at the day of inclusion while fecal samples were harvested immediately before bariatric surgery. Bariatric surgery followed up to 14 days after study inclusion. Patients had not received any antibiotic treatment the last six months prior to study inclusion. Biopsies were taken from subcapsular liver tissue during bariatric surgery or percutaneously from the right liver lobe in participants without bariatric surgery. All liver biopsies were analyzed by an experienced pathologist and classified using the Steatosis, Activity and Fibrosis (SAF) score. 13 HCs were all individuals without evidence or history of liver or metabolic diseases. In HCs liver ultrasound and liver stiffness as determined by transient elastography measurement (FibroScan Õ ) were normal. In HCs liver enzyme levels were measured and laboratory analysis showed no elevation for Glutamate oxalacetate tranasminase (GOT) and Glutamate pyruvate transaminase (GPT).
Fecal collection and analyses
Fecal samples were collected from study participants. The fecal samples were continuously cooled to a maximum of þ4 C, subsequently snap frozen within 24 hours and finally stored at -80 until further analysis.
Bacterial DNA extraction and 16S ribosomal RNA (rRNA) gene sequencing. Total genomic DNA from fecal pellets of study participants was extracted using the MoBio PowerSoil DNA Isolation kit (Dianova GmbH, Germany) with slight changes: Solution C1 and 20 ml of proteinase K were added to fecal material and incubated for two hours at 50 C to enhance the bacterial cell lysis. Bacterial communities were profiled by 16S rRNA gene amplicon sequencing. 16S rRNA gene variable region V4 was amplified using specific primers.
14 Amplification was performed by Phusion Õ Hot Start Flex 2X Master Mix (New England BioLabs, Germany) in GeneAmp polymerase chain reaction (PCR) system 9700 (Applied Biosystems, USA). Quantitative normalization of PCR products was performed using the SequalPrep kit (Invitrogen GmbH, Germany) to pool equal amounts of amplicons per sample. Sequencing was performed by the Illumina MiSeq (2 Â 300 base) sequencing kit (Illumina, USA) using Illumina-specific sequencing primers.
Analysis of sequences. Quality control of sequence reads was performed using the software mothur package. 15 Forward and reverse reads (fastq) were assembled to contigs sequences and discarded if having any ambiguous base or more than eight homopolymers. Sequences were aligned against a mother-curated silva alignment database and screened to have alignment in the amplified specified V3-V4 region only. Chimeric sequences were detected with the Uchime algorithm and removed from subsequent analysis. Sequences were assigned taxonomically using mothur-formatted greengenes training sets and eliminated if classified as unknown, archaea, eukaryotes, chloroplast and mitochondria. Sequences were binned in to phylotypes using mothur.
SCFA analysis in fecal samples-high-performance liquid chromatography (HPLC). Sample preparation and HPLC analysis of the fecal SCFA samples were carried out according to the method from De Baere et al. 16 with minor modifications.
An SCFA extraction procedure was performed as previously described. 17 Batches of 20 patient samples and eight external calibration points were measured per HPLC run. For data interpretation Chrom-Nav chromatography software was used (version 2.0, Jasco, de Meern, The Netherlands).
Immune cell analysis in peripheral blood
Lymphocyte separation medium (PAA) was used for the isolation of lymphocytes and peripheral blood mononuclear cells (PBMCs) ex vivo. Restimulation for cytokine detection as well as flow cytometry analysis were performed as previously described. 12 
Analysis of microbiome data and statistical analysis
Analyses of microbiome data were performed using the statistics software R (version 3.2.2) and the packages vegan_2.4-3 and metagenomeSeq (version 1.2.21). 18 Samples with fewer than 500 sequences in total were discarded and only taxa that were detected in !10 samples have been included in subsequent analyses. Abundance counts have been normalized with the cumulative sum scaling approach as implemented in the metagenomeSeq package 18 using default parameters. Principal component (PCA) and redundancy analysis (RDA) have been performed on the normalized log-transformed data as implemented in the vegan package. For the RDA study groups have been included as factorial covariates. Significance of covariates has been assessed based on 10,000 random permutations of the data. The correlation of the Th17/Treg ratio with the ordination configuration of the PCA has been calculated with the function ''vectorfit'' in the vegan package. Differential of taxon abundances were estimated using a zero-inflated log-normal regression model as implemented in the metagenomeSeq package. Normalized count mean, standard error (SE) and fold changes (logFC) are given on the log2 scale. Mean and median abundancy data are provided as supplemental material (Supplement Table 1 (a) and (b)). In this study all p values of microbiome analysis have been corrected for multiple testing using the Benjamini-Hochberg method.
SPSS (19.0, SPSS Inc, Chicago, IL, USA) and Prism (GraphPad Software, La Jolla, CA, USA) were used for further analyses. Quantitative variables were expressed as median with first quartiles and were compared using the Mann-Whitney test. Spearman rho correlation coefficient was calculated. A p value <0.05 was considered statistically significant (*), p < 0.01 ¼ (**), p < 0.001 ¼ (***). P values were adjusted for multiple testing unless expressively given as uncorrected p value (p uncorr ) to indicate significant trends.
Results
Baseline characteristics of the study cohort
In this study cohort 32 histology-proven NAFLD patients (14 NAFL and 18 NASH) and 27 HCs were included. Figure 1 depicts a flow diagram with the overview of study participants. NASH patients more often had metabolic syndrome including arterial hypertension, type II diabetes mellitus and dyslipidemia as compared to NAFL (Supplement Table 2 ). GPT and GOT were significantly elevated in NAFLD patients compared to HCs (GPT mean AE SD: 46.5 AE 40.8 U/l (NAFL), 54.2 AE 27.5 U/l (NASH), 18.2 AE 8.5 U/l (HCs); GOT mean AE SD: 33.9 AE 19.4 U/l (NAFL), 50.0 AE 28.4 U/l (NASH), 19.7 AE 7.4 U/l (HCs)). Histological diagnosis for NASH was performed by an experienced pathologist according to SAF score. 13 Twenty-two patients with NAFLD had F0/F1 fibrosis on liver biopsy and 10 of 18 NASH patients (55.6%) had significant fibrosis (F!2). Twenty-seven HCs had no evidence of liver disease. These participants had a significantly lower body mass index and were younger compared to NAFLD patients as observed in previous human NAFLD studies. 1 
Changes in fecal microbiota in NAFLD patients and HCs
First, we analyzed a-diversity of the respective study groups. The Shannon diversity index showed a significantly reduced diversity in NAFL (p < 0.01) and NASH (p < 0.01) patients compared to HCs (Figure 2(a) Table 2 .
ß-diversity analysis showed different profiles of gut microbiome data PCA on operational taxonomic unit (OTU) level separates NAFLD patients (including NAFL and NASH patients) from HCs on the first axis as depicted in Figure 3 (a). No significant difference was observed in the PCA on the OTU level between bariatric patients and obese patients without bariatric surgery to exclude preoperative diet as possible bias (Supplemental Figure 1 ). In our previous work NASH patients were successfully differentiated and characterized by increased Th17 (CD4þIL17þ)/resting Treg (rTreg/ CD4þCD45RAþCD25þþ) ratio in peripheral blood compared to NAFL patients. 12 Here we observed a significant correlation (R 2 ¼ 0.171, p value < 0.01) of Th17/rTreg ratio, with the ordination configuration of the first two axes (Figure 3(a) ). In Figure 3 (b) PCA of microbiome data separate clearly the study cohort into high-and low-Th17/rTreg ratio subgroups (Th17/rTreg low < 0.38, Th17/rTreg high ! 0.38). There was thus a good correlation between the observed changes in the gut microbiome and peripheral T-cells. In a supervised ordination approach (RDA), NAFL, NASH and HCs could be successfully differentiated as well (Figure 3(c) ). A permutation test based on 10,000 random permutations yields a highly significant effect (p < 0.001) of the study group factor.
Higher fecal SCFA concentrations as well as SCFA-producing bacteria in NAFLD patients Acetate, propionate as well as butyrate concentrations were increased in feces of NAFLD patients. NAFL as well as NASH patients had significantly higher fecal concentrations of acetate and propionate compared to HCs. A trend toward higher fecal butyrate levels in NASH patients compared to HCs was observed (Figure 4(a) ).
Bacterial communities were analyzed regarding their functional capacity of SCFA production based on previously published data. [19] [20] [21] [22] At the phylum and family levels, higher abundance of Fusobacteria and Fusobacteriaceae and higher frequency of Prevotellaceae were observed. Fusobacteriaceae as well as Prevotellaceae are bacterial families characterized by SCFA-producing capacity. 19, 20, 22 Differences in species levels between NAFLD (NAFL/NASH) patients and HCs showed a significantly higher abundance of species such as Prevotella copri, Megashpaera, Fusobacterium, Ruminococcus torques and Eubacterium biforme (Table  2) . Interestingly, these species are well described as SCFA-producing bacteria or belong to families with high capacity of SCFA production. 19, 20, 22 Thus the observed differences in family and species level in gut microbiome analysis of NAFLD patients are functionally relevant and correlate well with higher fecal concentrations of acetate and propionate in these patients (Figure 4(a) ).
Different microbial composition and SCFA production in patients with moderate/ advanced fibrosis
Microbial composition and fecal SCFA concentrations were different in NAFLD patients with advanced disease. Patients with significant fibrosis had higher frequency of Acadaminococcus and Prevotella (p uncorr ¼ 0.026, p uncorr ¼ 0.028) ( Table 2) . No significant differences were observed in family level between F0/F1 patients and F!2 patients (Supplemental Table 3 ).
NAFLD patients with significant fibrosis (F!2 fibrosis) had reduced fecal acetate as well as a trend toward reduced propionate concentrations (Figure 4(b) ). No significant differences were observed for butyrate between F0/F1 and F!2 patients (Figure 4(b) ). In a supervised PCA, F0/F1 patients were successfully separated from F!2 patients ( Figure 5 ).
Peripheral immune cell markers in NASH patients are associated with fecal SCFA levels As a unique feature of this study, data of fecal SCFA concentrations were analyzed together with peripheral immune cell changes as depicted in Figure 6 . A significant negative correlation between rTregs in peripheral blood and fecal propionate as well as acetate levels was observed. Peripheral Th17/rTreg ratio showed a positive correlation for fecal acetate and propionate concentrations ( Figure 6 ).
Discussion
In this study, gut microbiome was analyzed in 32 NAFLD patients and 27 HCs together with fecal SCFA as functional bacterial metabolites. Differences in microbial composition were rigorously corrected for multiple testing. In our study, NASH patients could be differentiated from NAFL patients based on their intestinal microbiome by higher abundance of Fusobacteria (phylum), Fusobacteriaceae (family), Fusobacterium (species) as well as Prevotella, Eubacterium biforme and Enterobacteriacae_unclassified (Tables 1 and 2 ). In past years, different studies showed partly controversial results about changes in the intestinal microbiome of NAFLD patients.
1,2,23 These differences could be explained by the complexity of obesity in the context of metabolic syndrome as well as the heterogeneity of methodological data assessment and data interpretation of published studies (including inconsistent correction for multiple testing). 24 An increase in the phylum Fusobacterium and/or of some species in this phylum has recently been described in Asian obese patients. 25 Fusobacterium is associated with a higher expression and activation of inflammatory signals and has been identified as an important pathogen in patients with acute and chronic periodontitis. 26, 27 As a functional link between microbiome and active metabolites, higher prevalence of Fusobacterium and correlation to SCFA concentrations in root canals was observed in subgingival biofilm samples from periodontal pockets of type 2 diabetic patients. 27 Recent studies indicated an interrelationship between periodontitis and systemic diseases (e.g. cardiovascular disease, type 2 diabetes and NAFLD) through bacterial translocation, bacteremia and increase in circulating inflammatory mediators. 28, 29 Thus, the higher abundance of Fusobacteria in gut microbiota in our study and the impact of Fusobacteriaceae in the context of metabolic diseases could be attributed to direct or indirect activation of inflammatory signals as well as to production of bacterial metabolites such as SCFAs. Following recent research fecal SCFA concentrations were analyzed and NAFLD patients were characterized by significantly higher fecal acetate and propionate in our study (Figure 4(a) ). Rahat-Rozenbloom et al. observed higher fecal SCFA concentrations in overweight and obese individuals with no difference in rectal SCFA absorption or dietary changes. 6 Increased abundance of Fusobacteria, Fusobacteriaceae as well as Prevotellaceae and the above-described changes in species level in NAFLD patients in our study are well in line with higher fecal SCFA concentrations due to predominance of SCFA-producing families and bacteria. 19, 20, 22 In a metagenomic analysis Loomba et al. revealed a different abundance of SCFA production proteins in NAFLD patients with advanced and mild/moderate fibrosis. 3 The observed higher predicted abundance of acetate-producing enzymes in the microbiota of mild/ moderate NAFLD patients matches higher fecal acetate concentrations in our study population (F0-F1) vs ! F2 (Figure 4(b) ).
Despite increasing evidence of significant changes in various inflammatory diseases, the particular functional role of SCFAs in NAFLD remains to be defined. In light of increased fecal SCFAs in this study, NAFLD patients were characterized by a remarkable positive correlation between fecal propionate/acetate concentrations and peripheral Th17/rTreg ratio as well as a negative correlation to peripheral rTregs as two immunological features of progressive disease ( Figure 6 ). Even though many studies support the idea Fecal acetate mM Figure 6 . As previously described, NASH patients were characterized by an increased Th17/rTreg ratio in peripheral blood as well as in hepatic tissue compared to NAFL patients. 12 These immune cell changes correlated to fecal SCFA concentrations in this study. Correlations between fecal propionate, acetate and peripheral rTregs (propionate: Spearman rho -0.33, p < 0.05; acetate: Spearman rho -0.34, p < 0.05) as well as Th17/rTreg ratio (propionate: Spearman rho 0.36, p < 0.01; acetate: Spearman rho 0.34, p < 0.05). Spearman rho correlation coefficient is depicted in each graph. NAFL: nonalcoholic fatty liver; NASH: nonalcoholic steatohepatitis; rTreg: resting regulatory T-cell; SCFA: short-chain fatty acid.
that SCFAs induce an anti-inflammatory profile of T-cells, there is also evidence that SCFAs induce proinflammatory T-cells (e.g. Th1 and Th17) under specific conditions and depending on disease model. 11, 30 The mechanistic role of SCFAs in the context of obesity and metabolic diseases in humans remains open since intestinal immune cell analysis was not possible in our study given the limitations of a human study of NAFLD and has never been performed elsewhere. Furthermore, in this study a limited number of NAFLD patients were analyzed because of a complex and simultaneous analysis of ex vivo PBMCs, liver histology and analysis of fecal samples. Finally, it is important to note that the present cohort includes a combination of patients undergoing bariatric surgery as well as those without bariatric surgery.
This study explored for the first-time the link between gut microbial changes in NAFLD patients and higher SCFA concentrations in feces as well as the significant correlation to peripheral immune cells as a marker of disease progression in NAFLD. Our data suggest that higher prevalence of SCFA-producing bacteria in feces of NAFLD patients could contribute to disease progression by maintaining low-grade inflammatory processes with influence on circulating immune cells and impact on peripheral target organs such as the liver. The present study further contributes to elucidate the still controversial role of SCFAs in the context of obesity in humans and targets the field for future studies of intestinal immune cell activation to better understand the final impact of fecal SCFAs in humans. Furthermore, increased permeability in the gut-liver axis as well as other bacterial metabolites (e.g. endotoxins, bacterial ethanol) and fecal bile acids are important targets influencing disease progression in NAFLD and should be the focus of future studies together with fecal SCFAs. 31, 32 
